Migmatites comprise a minor volume of the high-grade part of the Damara orogen of Namibia that is dominated by granite complexes and intercalated metasedimentary units. Migmatites of the Southern Central Zone of the Damara orogen consist of melanosomes with garnet+cordierite+biotite+K-feldspar, and leucosomes, which are sometimes garnet-and cordierite-bearing. Field evidence, petrographic observations, and pseudosection modelling suggest that, in contrast to other areas where intrusion of granitic magmas is more important, in situ partial melting of metasedimentary units was the main migmatite generation processes. Pseudosection modelling and thermobarometric calculations consistently indicate that the peak-metamorphic grade throughout the area is in the granulite facies (~5 kbar at 800°C). Cordierite coronas around garnet suggest some decompression from peak-metamorphic conditions and rare andalusite records late, near-isobaric cooling to <650°C at low pressures of~3 kbar. The inferred clockwise P-T path is consistent with minor crustal thickening through continent-continent collision followed by limited post-collisional exhumation and suggests that the granulite facies terrane of the Southern Central Zone of the Damara orogen formed initially in a metamorphic field gradient of~35-40°C/km at medium pressures. New high-precision Lu-Hf garnet-whole rock dates are 530 ± 13 Ma, 522.0 ± 0.8 Ma, 520.8 ± 3.6 Ma, and 500.3 ± 4.3 Ma for the migmatites that record temperatures of~800°C. This indicates that high-grade metamorphism lasted for c. 20-30 Ma, which is compatible with previous estimates using Sm-Nd garnet-whole rock systematics. In previous studies on Damara orogen migmatites where both Sm-Nd and Lu-Hf chronometers have been applied, the dates (c. 520-510 Ma) agree within their small uncertainties (0.6-0.8% for Sm-Nd and 0.1-0.2% for Lu-Hf).
| INTRODUCTION
Metamorphic terranes that were subjected to upper amphibolite to granulite facies conditions are a substantial component of mobile belts of Archean to Phanerozoic age. In such terranes, the nature of tectonic events can be resolved through careful interpretation of their P-T paths (e.g., Bohlen, 1987; Harley, 1989; Hodges, 1991) , whereas the temporal aspect is more difficult to decipher, because the evidence derived from metamorphic petrology is often only relative. Upper amphibolite to granulite facies rocks are widespread in areas dominated by Archean to Proterozoic rocks (e.g., Brandt et al., 2011; Brown, 2007; Harley, 1989) , but the tectonic settings responsible for their formation are often poorly defined (e.g., Brandt & Klemd, 2008; Harley, 1989) . This is especially true for low-P/high-T (LP/ HT) terranes, for which the heat source is often also unclear (e.g., Bial, Büttner, & Appel, 2016; Clark, Fitzsimons, Healy, & Harley, 2011; Drüppel, Elsäßer, Brandt, & Gerdes, 2013; Kelsey & Hand, 2015) . For some LP/HT terranes, metamorphic studies have shown that a "continuous" P-T evolution is unlikely. Instead, polyphase metamorphic evolutions and punctuated, short-lived thermal events have prevailed (Clarke, Collins, & Vernon, 1990; Collins & Williams, 1995; Hand, Dirks, Powell, & Buick, 1992) . Metamorphic reactions are usually deduced by careful inspection of reaction textures and assemblages. Such petrographic constraints, however, may only represent short segments of a P-T path (i.e., Hensen, Zhou, & Thost, 1995) , and intense deformation and progressive recrystallization (retrogression) during exhumation may obliterate the textural information from the early, prograde part of the P-T path (Greenfield, Clarke, & White, 1998; Harley, 1989) . Hence, constraints on P-T paths followed by LP/HT terranes are commonly limited to peak-and post-peak assemblages (e.g., Clarke & Powell, 1991) .
Previous studies of the deformational history in the Damara belt of central Namibia were restricted to Rb-Sr whole-rock dating of syn-to late-tectonic granites (Haack, Gohn, & Klein, 1980) , accompanied by studies of the phase petrology of high-grade metapelites and metacarbonates, and their relation to igneous complexes (i.e., Hartmann, Hoffer, & Haack, 1983; Puhan, 1983) . Until 2001, there was a general lack of high-precision dating of metamorphic rocks from the high-grade part of the Damara orogen (Jung & Mezger, 2001) . Between 2001 and 2006, several key areas were investigated and the metamorphic history was deduced by a combination of petrographic investigations and U-Pb monazite and Sm-Nd whole rock-garnet dating (Jung & Hellebrand, 2006; Jung, Hoernes, & Mezger, 2000; . As in many cases, these studies were hampered by the inability to link the monazite dates with specific P-T conditions. Although the dating of major rock-forming minerals such as garnet has the potential to unravel the metamorphic evolution of an orogen more precisely, most of the dates do not provide a unique solution to the temporal evolution of the Damara belt because they were obtained on a variety of rocks (non-migmatized metasedimentary rocks, various migmatites, and granites). Some of the migmatites are intrusion-related as shown by the contrasting initial Nd isotope compositions of leucosomes and melanosomes (Jung, Mezger, & Hoernes, 2003) . As intrusion of melts can occur over the entire history of an orogen, these samples cannot be used to constrain peak-metamorphic conditions. In addition, the P-T estimates of were derived by conventional thermobarometry, which can be inaccurate because of late-stage Fe-Mg exchange among biotite, cordierite, and garnet. Finally, an additional uncertainty arises in terms of the meaning of Sm-Nd garnet-whole rock ages from high-grade terranes because estimates of the closure temperature (e.g., 600 ± 30°C; Mezger, Essene, & Halliday, 1992) are substantially lower than the temperature of granulite facies conditions at mid-crustal levels. Thus, depending factors such as grain size, peak temperature, and initial cooling rate, the Sm-Nd system in such garnet may date post-peak cooling through the closure temperature rather than prograde garnet growth. Although there is still no consensus on the absolute closure temperature of Lu-Hf in garnet, there is some evidence that it may be~100°C higher than Sm-Nd closure in the same garnet (e.g., Scherer, Cameron, & Blichert-Toft, 2000; Smit, Scherer, & Mezger, 2013) . We therefore consider the Lu-Hf system to be more likely than Sm-Nd to date garnet growth or the earliest stages of cooling in high-grade rocks. In detail, however, the relationship between Lu-Hf garnet dates and the actual time of garnet growth or early cooling may be affected somewhat by the differing diffusion rates of Lu and Hf within garnet (Bloch & Ganguly, 2015; Bloch, Ganguly, Hervig, & Cheng, 2015) . For this reason, we use Lu-Hf dating in conjunction with pseudosection modelling to investigate the P-T evolution of high-grade part of the Proterozoic Damara orogen in Namibia.
| GEOLOGICAL SETTING
Most of the Damara orogen in Namibia is underlain by Proterozoic and possible Archean meta-igneous rocks. On the basis of lithology as well as magmatic and metamorphic evolution, the Damara orogen has been divided into three contrasting regions: the Northern Damara orogen, the Southern Damara orogen, and the Central Damara orogen (Figure 1 ; Miller, 2008) . The Northern Damara orogen and the Southern Damara orogen consist mostly of low-to medium-grade metamorphic units. Basement rocks of Kalahari craton affinity are present in the southernmost areas. The Central Damara orogen comprises largely Cambrian or older metasedimentary rocks of generally medium-to highmetamorphic grade, intruded by several different magmatic suites ranging from syenite through diorite to granite of Neoproterozoic (c. 570 Ma) through Ordovician (c. 480 Ma) age. Basement rocks yielded dates between c. 2.0 and 1.1 Ga (Jacob, Kröner, & Burger, 1978; Kröner, Retief, Compston, Jacob, & Burger, 1991) , and a single zircon from a granodiorite gave an Archean date of c. 2.8 Ga (Osterhus, Jung, Berndt, & Hauff, 2014) . In the Central Damara orogen, the metamorphic grade generally increases southwestward and locally reaches high-grade conditions close to the coastal area. Early P-T estimates cluster~650-675°C at 3-4 kbar (Hoernes & Hoffer, 1979; Hofmann, 1976; Puhan, 1983; Sawyer, 1981) , and later determinations suggest slightly higher grade conditions of 700-750°C at 5-6 kbar Masberg, Hoffer, & Hoernes, 1992;  Figure 1 ). More recently, Longridge, Gibson, Kinnaird, and Armstrong (2017) showed that the metamorphic grade in the southern Central Zone is substantially higher, recording granulite facies conditions of 820°C. Migmatites are important rock types in the highest grade part of the Central Zone (Hall & Kisters, 2016; Toé, Vanderhaeghe, André-Mayer, Feybesse, & Milési, 2013) and are, at the lowermost structural levels, mostly related to the intrusion of hot, leucocratic melts from the underlying basement (intrusion-related migmatites). Here, diatexites are common and are interpreted as to result from incomplete separation of melt and residues (Toé et al., 2013; Vanderhaeghe, 2009 ). Rarely, small-scale in situ migmatites (metatexites) occur at higher structural levels but are confined to zones of suitable host rock compositions, mostly Al-rich metapelites. Non-migmatized garnet-and cordierite-bearing metapelites yield Sm-Nd garnet-whole rock dates of 509 ± 4 Ma and 497 ± 3 Ma and some inferred in situ migmatites record Sm-Nd garnet-whole rock dates between 523 ± 4 Ma and 512 ± 3 Ma . A meta-igneous migmatite from the coastal area yielded 700°C at 5 kbar and a Lu-Hf whole rock-garnet date of 497.6 ± 1.7 Ma (Jung et al., 2009) .
The high-grade regional metamorphism is attributed to the Cambrian Pan-African orogeny. The high-temperature, medium-pressure metamorphism in the Central Damara orogen and the presence of I-and S-type granitic plutons have been variously interpreted, resulting in differing models for the Pan-African orogeny in Namibia. Most models consider the metamorphosed sedimentary rocks as part of the original passive margin sequence, which then developed into an accretionary prism during a period of northwestward-directed subduction along the Congo Craton margin. Miller (2008 and references therein) advocated a model for the Pan-African orogeny that involves the accretion of a Neoproterozoic continental fragment to the southern margin of the Congo Craton during a subduction event. In this model, the metasedimentary rocks of the Southern Damara orogen are synsubduction deposits on or marginal to this crustal fragment, and they were deformed and metamorphosed during the collision at 520 Ma. Alternatively, Meneghini, Kisters, Buick, and Fagereng (2014) suggested that (a) the northwestward-directed subduction of oceanic sediments and probably also the oceanic crust beneath the Congo Craton transformed the passive margin into an accretionary complex, and (b) the Cambrian high-grade metamorphism and melting were caused by perturbation of the stable continental isotherm following subduction. In this model, the I-type calcalkaline plutons (so-called Salem-type granites) in the Central Damara orogen developed northwest of the accretionary prism and are interpreted to be part of an arc complex associated with subduction at c. 550 Ma. Peraluminous S-type plutons appear to be restricted to farther inland and are presumed to have formed by later melting of metasedimentary crust at 530-500 Ma. The apparently abrupt termination of the I-type magmatic arc and the extended period of early Stype and late A-type magmatic activity are attributed to the ridge subduction event (Meneghini et al., 2014) followed by major thermal re-organization across the entire Central Damara orogen.
In this contribution, we present pseudosection modelling and multipoint, high-precision Lu-Hf garnet dates from four key localities of the high-grade part of the Proterozoic Damara orogen in Namibia. One locality (see Figures 1  and 2 for sample locations and GPS data) is located in the upper part of the river Khan, just north of the termination of the basement complexes. This locality is important because Ward, Stevens, and Kisters (2008) used these high-grade metapelites as the starting material for fluid-present dehydration melting experiments. Samples 13Kh01 and 13Kh04 are from this locality. Two other localities are situated~15 km further south in the Welwitschia Plains. The latter localities are only~200 m apart but yielded contrasting rock types: One is a meta-igneous garnet-biotite migmatite (sample 14Nam01), where remelting produced thin anastomosing veins containing abundant, sometimes large garnet crystals. The other is a cordierite-biotite-sillimanite-K-feldspar-garnet-bearing metapelite (sample 14Nam02). A fourth locality was discovered during reconnaissance fieldwork on the main road B2 between Arandis and Swakopmund. The rock type found there is a slightly migmatized cordierite-biotite-sillimanite-K-feldspar-garnetbearing metapelite (sample 13Nam01). Zone; CZ: Central Zone; SZ: Southern Zone. Distribution of regional metamorphic isograds within the southern and central Damara orogen according to Hartmann et al. (1983) . Isograds: (1) biotite-in; (2) garnet-in; (3) staurolite-in; (4) kyanite-in; (5) cordierite-in; (6) andalusite↔ sillimanite; (7) sillimanite-in according to staurolite breakdown; (8) partial melting via muscovite+plagioclase+quartz+H 2 O↔melt+sillimanite; Whole-rock powders were prepared using standard techniques (jaw crusher and agate ball mill). After crushing and sieving the samples, high purity garnet fractions were obtained by magnetic separation, heavy liquids, and handpicking. The whole-rock compositions of the samples used for the calculations (Table 1) were measured on fused lithium-tetraborate glass beads using standard XRF techniques and a PanAnalytical MagixPro X-ray fluorescence spectrometer at the Universität Hamburg. Estimated uncertainties are 1-2% relative.
| Mineral chemistry
The electron microprobe analyses were performed with a JEOL 8900 microprobe and are listed in Table S1 . The accelerating voltage was 15 kV, and the beam current was 15 nA. The counting times were 20 s for peak and 10 s for the background signal. Before quantitative analysis, all elements were standardized on matrix-matched natural garnet standards (Mg, Si, Al, Ca, Fe, Mn) and synthetic (Ti, Cr) reference materials. The phi-rho-z correction was applied to all data and uncertainties on major oxide concentrations are in the range of 1-2% relative. To monitor accuracy and precision over the course of this study, microanalytical reference materials were analysed. The obtained major element compositions match published values within error.
| Lu-Hf chronology
The Lu-Hf data are given in Table 2 . For whole rocks, 0.05-0.1 g of powder was weighed into 15-ml PFA vials, moistened with ultrapure water, and spiked with a mixed 176 Lu-180 Hf tracer before adding 6 ml of a 2:1 mixture of 28 M HF and 14 M HNO 3 . After heating the capped vials on a hotplate overnight at 120°C, they were opened and the solutions evaporated to dryness before adding the same amount of 2:1 HF-HNO 3 , capping the vials, and heating in Parr autoclaves at 180°C for 5 days. For garnet separates, 0.05-0.1 g of grains were weighed into 15-or 60-ml PFA vials, and cleansed by covering with 1.5 M HCl at room temperature for 10 min, before pipetting off the acid and rinsing three times with ultrapure water. The garnet samples were then spiked with a mixed 176 Hf tracer, and 6 ml of the 2:1 HF-HNO 3 mixture was added. The vials were capped and heated for 24-80 h on a 120°C hotplate. After digestion, garnet and whole-rock samples were evaporated to dryness, moistened with concentrated HNO 3 , and then evaporated again at 120°C. This HNO 3 treatment was repeated twice. Samples were then taken up in 5-10 ml of 10 M HCl, heated 2-3 h in closed vials at 140°C until solutions were clear, and then dried down in open vials. Shortly before chemical separation, the samples were dissolved in either 6 ml of 3 M HCl-0.08 M ascorbic acid or 1 ml of 1 M HCl-0.1 M HF (depending on the separation method used) and centrifuged before loading onto ion exchange columns. For the whole rocks and the first garnet analysis of each rock, Lu and Hf were isolated using the ion exchange method of Münker, Weyer, Scherer, and Mezger (2001) , with further purification of the Hf cut achieved using the "Stage 2" Ln-spec column of Sprung, Scherer, Upadhyay, Leya, and Mezger (2010) and cation "Column I" of Bast et al. (2015) . For the remaining garnet analyses (two per rock), the chemical separation was carried out using only the complete method of Bast et al. (2015) .
The isotope compositions of Hf and Lu were measured on the Thermo Scientific Neptune Plus MC-ICPMS at the Institut für Mineralogie, University of Münster using the measurement and data reduction protocols of Bast et al. Er of admixed erbium after Lapen, Mahlen, Johnson, and Beard (2004) . Procedural Lu and Hf blanks were <5 pg, and 6-23 pg, respectively, and are negligible.
| Phase diagrams
To constrain the P-T evolution of the Southern Central Zone of the Damara orogen, phase diagrams were calculated for four metapelitic migmatites and one meta-igneous migmatite in the system MnNCKFMASHTO with the THERIAK-DOMINO software (De Capitani & Brown, 1987) and an updated version of the most recent Holland and Powell (1998) thermodynamic data set (ds6.2) with the activity models of for garnet, biotite, cordierite, orthopyroxene, staurolite, ilmenite, chloritoid, and chlorite, White, Powell, Holland, Johnson, and Green (2014) for white mica and melt, Holland and Powell (2003) for feldspar, and White, Powell, and Clarke (2002) for spinel.
The estimated bulk rock compositions of the studied rocks can be adequately expressed in the system MnNCKFMASHTO, as other components (e.g., Zn, Cr) are present only at trace levels and thus not expected to have a significant impact on the topology of the pseudosections. The Ca content has been adjusted to account for the presence of apatite. The migmatitic textures of the studied samples imply the loss of melt during the prograde evolution. However, the reintegration of the melt into the analysed residual bulk rock composition requires the knowledge of the amount of melt loss, which is very difficult to constrain with some certainty (e.g., Kelsey & Hand, 2015) . Conversely, the analysed residual bulk composition is suitable for the reconstruction of the peak and the early stage post-peak evolution of the samples, which is the main focus of our study. In contrast, the prograde segments of the P-T paths can only be (qualitatively) constrained for samples having the appropriate mineral inclusion assemblages (14Nam01, 13Nam01).
Two samples (13Kh01 and 13Nam01) are strongly altered, which is evident from intense chloritization, saussuritization, and seriticitization, and is also expressed by the high LOI (loss on ignition) values (Table 1) , indicating ingress of H 2 O during the post-peak evolution. Even the less altered samples show variable pinitization of cordierite and widespread retrograde formation of biotite, which document interaction of the rocks with externally derived fluids. Consequently, the amount of H 2 O in the bulk compositions was adjusted for all samples from the measured LOI value, which represents the maximum water content present during peak conditions. The water contents used for the P-T pseudosection modelling were estimated by comparison of the observed mineral assemblages with those predicted on temperature versus molecular proportion of H diagrams (T-H diagrams) calculated for anhydrous (H = 0 mol.%) to hydrous (H = 5 or 10 mol.%) conditions. The diagrams have been calculated for a pressure of 5 kbar on the basis of thermobarometry results. The H value has been constrained so that the observed peak-metamorphic assemblage is stable just above the solidus to reflect the conditions at which this assemblage is in equilibrium with anatectic melt (e.g., Korhonen, Saito, Brown, & Siddoway, 2010; Korhonen et al., 2010; White, Powell, & Holland, 2007) . Isolines for the modal abundance of garnet have been calculated to further refine the H value. Owing to the formation of a second (post-peak) generation of biotite and cordierite in most samples, only garnet is suitable for constraining the H content during peak metamorphism.
The appropriate O contents for the P-T pseudosections were evaluated for each sample using T-M O diagrams, again calculated at 5 kbar, and applying the adjusted H values (see Raith et al., 2016 for details on the modelling). Note. For Hf isotope ratios, "internal 2 SE" is the absolute 2 SE uncertainty in the sixth decimal place. "Est. ext. % 2 SD" is the estimated external reproducibility (2 SDs, relative) used when calculating isochrons. The latter is based on the internal % 2 SE of the sample analysis and the external % 2 SD as a function of % 2 SE for standard Hf solutions analysed multiple times at different signal intensities (e.g., Bast et al., 2015) . a
The 13Kh01 Grt A analysis seems to be affected by incomplete spike-sample equilibration and has been excluded from the isochron for that sample.
metamorphic assemblage with those predicted from the T-M O diagrams (e.g., Korhonen et al., 2012; Raith et al., 2016) .
To refine the P-T conditions during the peak-metamorphic conditions and the early stage retrograde evolution, the computed phase diagrams are gridded with isopleths for the modal amount of garnet and cordierite in the relevant stability fields.
| SAMPLE DESCRIPTION AND PETROGRAPHY
Four metapelitic migmatite samples and one sample of meta-igneous migmatite have been selected for detailed petrological study with the sample locations shown in Figure 2 and the mineral assemblages summarized in Table 3 .
| Sample 14Nam02 (meta-igneous Grt-Bt migmatite)
The meta-igneous migmatite sample has a massive texture dominated by porphyroblastic garnet (up to 1 cm in diameter). Garnet is set in a coarse-grained, granoblastic matrix of subhedral plagioclase, randomly distributed biotite, quartz, rare ilmenite, and K-feldspar (microcline), indicating the peak-metamorphic assemblage Grt-Bt-Ilm-Kfs-PlQz coexisting with inferred melt. Accessory minerals include zircon, monazite, and late-stage hematite. The sample contains abundant apatite (~5 vol.%), which forms euhedral grains in the matrix and in garnet ( Figure 3a) . Quartz, ilmenite, and biotite are additional inclusion minerals in garnet. Corroded biotite and apatite are also enclosed within feldspar and quartz ( Figure 3b ). Broad composite coronas of biotite, plagioclase, and quartz, with or without muscovite developed mainly at the former contacts between garnet and K-feldspar (Figure 3a ), recording the post-peak replacement of garnet. Localized chloritization of biotite and rare saussuritization of plagioclase document a weak alteration.
| Sample 14Nam01 (Grt-Crd-Bt-Sil migmatite)
The sample shows a weak gneissic foliation defined by elongate aggregates of fibrolitic sillimanite and biotite in a medium-grained matrix of mainly quartz, plagioclase, K-feldspar, and rare ilmenite. Also present are large porphyroblasts of garnet (up to 12 mm diameter, strongly resorbed), flame-perthitic K-feldspar (up to 3.5 mm), and cordierite (up to 3 mm). Zircon and monazite are accessory minerals. Garnet preserves inclusions of quartz, biotite, and irregular streaks of fibrolitic sillimanite ( Figure 3c ). In the garnet margins, rare inclusions of partly pinitized cordierite may occur ( Figure 3d ). Poikiloblastic cordierite and K-feldspar preserve abundant inclusions of fibrolitic sillimanite, biotite, ilmenite, and quartz ( Figure 3e ). The inclusions indicate the partial replacement of an early Bt-Sil-Ilm-Qz assemblage by garnetcordierite assemblages, resulting in the formation of the peak-metamorphic assemblage Grt-Crd-Bt-Sil-Kfs-PlIlm-Qz coexisting with inferred melt. Several corona textures, comprising a late-stage generation of cordierite, biotite, sillimanite, and plagioclase, record the retrograde evolution. In the presence of sillimanite, garnet is surrounded and resorbed by rims of cordierite ( Figure 3f ) with or without minor plagioclase. Furthermore, garnet is replaced by intergrowths of biotite, sillimanite, and quartz ( Figure 3g ). Intergrowths of biotite and prismatic or fibrolitic sillimanite also form at the expense of coronitic and porphyroblastic cordierite (Figure 3h ). Localized pinitization of cordierite ( Figure 3d ,e,h) documents weak alteration.
T A B L E 3 Mineralparagenesis of the different samples

Inclusions (prograde)
Matrix phases (peak metamorphism) Corona phases (retrograde) The sample displays a gneissic texture, which is defined by abundant elongate biotite crystals situated in a matrix of plagioclase, quartz, ilmenite, and K-feldspar. Zircon, monazite, apatite, and tourmaline occur as accessory minerals. The biotite foliation is truncated by broad, coarse-grained leucosomes composed of plagioclase, quartz, and K-feldspar, with rare net-like peritectic garnet that preserves inclusions of quartz and biotite. Biotite in the melanosomes has been partly replaced by large porphyroblasts of abundant, completely altered cordierite (up to 5 mm) and rare garnet (up to 14 mm), indicating the peak-metamorphic assemblage Grt-Crd-Bt-Ilm-Kfs-Pl-Qz, coexisting with melt. Cordierite preserves small inclusions of corroded 
| Sample 13Kh01 (Grt-Crd-Bt migmatite)
The sample shows a massive texture. Randomly distributed biotite occurs in a matrix of plagioclase, quartz, K-feldspar, and rare ilmenite. Abundant cordierite porphyroblasts (up to 3 mm) coexist with cm-sized garnet porphyroblasts (Figure 3l) , indicating the peak-metamorphic assemblage GrtCrd-Bt-Ilm-Kfs-Pl-Qz, with inferred melt. Zircon and apatite are rare accessories. Cordierite and garnet contain rare inclusions of corroded biotite and quartz (Figure 3k, l) . Sillimanite is neither present as an inclusion nor as a matrix mineral. Garnet is surrounded by monomineralic coronas of cordierite with or without plagioclase separating the garnet from biotite ( Figure 3k ). More rarely, Bt-Qz symplectites form at the expense of garnet. Extensive chloritization of biotite, including formation of sagenite and exsolution of ilmenite as well as extensive pinitization of cordierite document a strong alteration. Locally, intergrowths of chlorite with andalusite occur at the margins of completely pinitized cordierite (Figure 3m ).
| Sample 13Kh04 (Grt-Crd-Bt migmatite)
The sample shows a massive texture dominated by abundant porphyroblastic cordierite (Figure 3n ). Broad streaks of biotite surround the cordierite porphyroblasts (up to 5 mm), which are situated in a matrix of medium-grained quartz, plagioclase, biotite, and abundant perthitic K-feldspar (Figure 3n) . Accessory minerals include zircon, ilmenite, tourmaline, and apatite. Garnet forms cm-sized net-like grains in cordierite-free domains and medium-grained, F I G U R E 3 Continued.
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| strongly resorbed grains (<2 mm) in cordierite-bearing domains (Figure 3o ). While garnet preserves only rare inclusions of biotite and quartz, cordierite is usually poikiloblastic with numerous inclusions of biotite and quartz, which often become finer grained towards the cordierite rims ( Figure 3n ). Inclusions of cordierite in plagioclase and K-feldspar document early cordierite formation (Figure 3p ). Sillimanite is absent and the interpreted peak assemblage is Grt-Crd-BtKfs-Pl-Ilm-Qz, coexisting with melt. Although cordierite has typically been resorbed by broad biotite rims, garnet is surrounded by broad cordierite coronas (Figure 3o ). Net-like garnet is widely replaced by biotite. Weak pinitization of cordierite suggests moderate alteration.
| CONVENTIONAL THERMOBAROMETRY
The compositions of Fe-Mg minerals coexisting at peakmetamorphic conditions in the upper amphibolite to lower granulite facies are rarely preserved (Spear & Florence, 1992) and thermobarometry in high-grade metamorphic rocks often has problems associated with post-peak re-equilibration between the coexisting minerals (e.g., Frost & Chacko, 1989 ). The usually flat major element profiles of garnet from the different samples ( Figure 4 ) are typical for intracrystalline homogenization at high temperature (e.g., Tuccillo, Essene, & van der Pluijm, 1990) . A few of the analysed garnet grains show rimward decreases in MgO (Figure 4 ) and increases in FeO, which are indicative of postpeak Fe-Mg exchange with adjacent biotite or cordierite. Consequently, the composition of garnet cores has been paired with the compositions of matrix biotite and matrix plagioclase to calculate inferred P-T peak conditions using Grt-Bt Fe-Mg thermometry (calibrations of Bhattacharya, Mohanty, Maji, Sen, & Raith, 1992; Holdaway & Lee, 1977; Kleemann & Reinhardt, 1994; Perchuk & Lavrent'eva, 1983) , and Grt-Als-Qz-Pl (GASP) barometry (calibrations of Koziol & Newton, 1988; Newton & Haselton, 1981; Powell & Holland, 1988) . Because of the absence of matrix sillimanite, the GASP pressure for most metapelites (except 14Nam01) represents maximum values. Metapelite samples 14Nam01, 13Kh01, and 13Kh04 preserve fresh porphyroblastic peak-metamorphic cordierite, which allowed the application of the garnet-cordierite geothermometer (Bhattacharya, Mazumdar, & Sen, 1988; Dwivedi, Mohan, & Lal, 1998; Kaneko & Miyano, 2004; Perchuk & Lavrent'eva, 1983) and Grt-Crd-Sil-Qz barometry (Nichols, Berry, & Green, 1992) . Cordierite of sample 13Nam01 is completely altered and therefore not suitable for P-T calculations. Thermobarometric calculations were performed with mineral chemical data given in Table S1 . The results and applied thermobarometers are summarized in Table 4 .
The results of the Grt-Bt and the Grt-Crd thermometry are in good agreement and mainly cluster between 700 and 810°C, with a maximum at 730-780°C. Only sample In the T-H diagram, the observed peak-metamorphic assemblage Grt-Bt-Ilm-Kfs-Pl-Qz-Liq of meta-igneous sample 14Nam02 is stable within a narrow stability field of 800-820°C and variable H contents >0.5 mol.% (Figure 5a) . On the basis of the near-solidus composition, a low H value of 0.5 mol.% is constrained for further modelling. Owing to the use of this low H value, the solidus is situated at >800°C in the T-M O diagram (Figure 5b) . The magnetite-free Grt-Bt-Ilm-Kfs-Pl-Qz-Liq peak assemblage is stable in a narrow field between 800 Figure 5c . Owing to the low H value used for the modelling, the solidus is situated between 770 and 810°C. The observed peak-metamorphic assemblage Grt-Bt-Ilm-Kfs-Pl-Qz-Liq is stable just above the solidus at 800-850°C and >4.6 kbar. The estimated modal amount of garnet in the sample (7-8 vol.%) is consistent with modelled amount of garnet in the stability field of the peak assemblage (8 vol.%). However, because of the wide spacing of the isopleths, it is not possible to further refine the peak P-T conditions, which are slightly higher than the results of the thermometric calculations (730-780°C).
Inclusions of biotite in garnet and K-feldspar and the presence of leucosomes in the migmatitic rock suggest the formation of peak-metamorphic garnet through biotite-breakdown melting reactions and crossing of the solidus during heating. However, the prograde evolution of the samples remains uncertain because additional inclusions of sillimanite or cordierite have not been preserved in garnet. Coronas of biotite, plagioclase, and white mica document post-peak garnet replacement. However, owing to the low H value used to model the peak-metamorphic conditions, white mica is not stable in the studied P-T range and the P-T pseudosection is not suitable for reconstructing the post-peak evolution of the sample. The T-H diagram indicates temperatures of <680°C and H values >3.75 mol.% (at 5 kbar) for the formation of white mica coexisting with biotite (in the absence of sillimanite) at supra-to subsolidus conditions (Figure 5a ), suggesting its formation through post-peak cooling and re-hydration. Post-peak re-hydration is consistent with the H value of 3.2 mol.%, as calculated from the measured LOI value.
| Sample 14Nam01 (Grt-Crd-Bt-Sil migmatite)
The observed peak-metamorphic assemblage Grt-Crd-BtSil-Kfs-Ilm-Pl-Qz coexisting with melt of the least magnesian (bulk rock X Mg : 0.28) metapelite sample 14Nam01 is stable in a narrow stability field at 770°C in the T-H diagram (Figure 6a ). (Figure 6b ) and we have used a value of 0.05, which is equivalent to 0.11 mol.% O, for the calculation of the P-T pseudosection. The P-T pseudosection for this metapelite sample is shown in Figure 6c . The main features of the (2010) pseudosection include the solidus at high temperatures of 750-850°C with disappearance of Ti-rich biotite at slightly higher temperatures. Cordierite is stable at <5.8 kbar at suprasolidus conditions and at 4-5 kbar at subsolidus conditions. Garnet is stable over almost the entire studied P-T range. The interpreted peak assemblage of garnet, cordierite, biotite, sillimanite, ilmenite, melt, plagioclase, K-feldspar, and quartz defines a narrow trivariant stability field at 760-810°C and 4.6-5.8 kbar. On the basis of the observed modal proportions (9 vol.% Grt, 6 vol.% porphyroblastic Crd), the peak conditions can be refined to 5.1 kbar and 780°C, broadly consistent with the geothermobarometry results (700-770°C, 6-5 kbar).
The inclusion assemblages provide some evidence for the prograde segment of the P-T path, which may be constrained qualitatively (taking into account the differing chemical composition prior to partial melting). Inclusions of biotite, sillimanite, and quartz in garnet suggest that the prograde evolution proceeded through the large Grt-BtSil-Ilm (+Kfs, Pl, Qz) stability field and was related to the partial replacement of Bt-Sil-Qz assemblages by garnet+K-feldspar. Cordierite inclusions in garnet rims suggest entry into the cordierite stability field during continued garnet growth. Biotite, sillimanite, and quartz inclusions in porphyroblastic cordierite suggest growth of the latter at the expense of the inclusion assemblage. Crossing of the solidus led to the formation of the observed melt-bearing peak assemblage. The development of cordierite coronas around garnet, separating it from sillimanite, record growth of the cordierite at the expense of garnet, consistent with an increase of the amount of cordierite, and decrease of the garnet amount. As the near-horizontal isopleths for the modal proportions of garnet decrease and those of cordierite increase with decreasing pressure in the Grt-Crd-SilIlm-Kfs-Pl-Qz-melt stability field, the texture documents decompression to <4.5 kbar subsequent to peak Figure 7c is indicated by a bold and dashed, red line. (c) Calculated P-T pseudosection. The P-T field of the peak assemblage is indicated by a bold, yellow line and the solidus is marked by black, bold and dashed line. Isopleths of the modal amounts (%) of garnet and cordierite are given on fields of interest. The inferred P-T path is marked by an orange line. Due to differing bulk rock composition related to melt loss, the prograde segment of the path is marked by a dashed line metamorphism, consistent with the growth of plagioclase rims between garnet and sillimanite (progress of GASP reaction). The formation of Bt-Sil-Qz intergrowths resorbing coronitic as well as porphyroblastic cordierite is consistent with re-entry into the Grt-Bt-Sil-Ilm-Kfs-Pl-Qz field and records post-decompressional cooling to <750°C at low pressures (<4 kbar).
| Sample 13Nam01 (Grt-Crd-Bt migmatite)
The inferred peak-metamorphic assemblage Grt-Crd-BtKfs-Ilm-Pl-Qz coexisting with melt of sample 13Nam01 is stable at moderate H values between 1.5 and 4 mol.% (Figure 7a ). A value of 2.5 mol.% H has been constrained through the abundance of garnet (12 vol.%) and the location of the solidus. (Figure 7b ).
The P-T pseudosection for the relatively Mg-rich metapelite 13Nam01 is characterized by the solidus at 750-800°C (Figure 7c ). Owing to the more magnesian composition (bulk rock X Mg = 0.45), the stability of cordierite is expanded up to 7 kbar, compared to metapelite 14Nam01 (bulk rock X Mg = 0.27). Garnet is present throughout the entire studied P-T space. The peak-metamorphic assemblage Grt-Crd-Bt-Kfs-Ilm-Pl-Qz coexisting with melt is stable in a narrow P-T field of 790-810°C and 4-5.5 kbar. The modal proportions of garnet (12 vol.%) and cordierite (23 vol.%) document peak P-T conditions of 800°C and 5 kbar. These conditions are slightly higher than those calculated from geothermobarometry (~760°C).
Sillimanite inclusions are restricted to the cores of porphyroblastic cordierite, which also enclose biotite and quartz. The texture indicates the progressive replacement The inferred P-T path is marked by an orange line. Due to differing bulk rock composition related to melt loss, the prograde segment of the path is marked by a dashed line of the inclusion assemblage by cordierite. Progress of the reaction is consistent with entry into the cordierite stability field (Grt-Crd-Sil-Bt-Ilm-Kfs-Pl-Qz field) through heating in the sillimanite stability field (again taking into account the differing bulk rock composition during the prograde evolution). The sillimanite-free cordierite margins suggest complete consumption of sillimanite during cordierite growth and hence entry into the Grt-Crd-Bt-IlmKfs-Pl-Qz field through continued heating. Garnet-bearing leucosomes in the migmatitic sample record crossing of the solidus at a temperature of~800°C, and the preservation of biotite records peak temperatures only slightly above the solidus. The Bt-Pl coronas around garnet document moderate resorption of garnet and record moderate post-peak decompression-cooling, as evident from the crossing of the isopleths for the modal proportion of garnet.
| Sample 13Kh01 (Grt-Crd-Bt migmatite)
In the T-H diagram, the interpreted peak-metamorphic assemblage Grt-Crd-Bt-Kfs-Ilm-Pl-Qz-melt of sample 13kh01 is stable at H values between 1.5 and 9.5 mol.% (Figure 8a ). A value of 3.5 mol.% H has been constrained by correlating the estimated abundance of garnet (15 vol.%) with the H value just above the solidus. The observed magnetite-free peak assemblage is stable only at very low Fe temperatures between 760 and 810°C and cordierite is stable up to 7 kbar at suprasolidus conditions and at 4-6 kbar at subsolidus conditions. Except at low-P-high-T conditions, garnet is stable over the entire investigated P-T field. The observed peak-metamorphic assemblage GrtCrd-Kfs-Bt-Ilm-Pl-Qz-Liq is stable just above the solidus in a narrow P-T field of 810-830°C and 4.2-6.1 kbar. From the estimated amount of garnet (15 vol.%), peak conditions can be refined to 4.4-5.2 kbar and 810-820°C, slightly higher temperatures than calculated from geothermobarometry (~780°C, 5 kbar). Cordierite coronas around garnet record resorption of garnet. Growth of cordierite at the expense of garnet is consistent with post-peak decompression to <3.5 kbar, as is evident from the near-horizontal isopleths for the modal proportions of garnet (deceasing with deceasing pressure) and cordierite (increasing with deceasing pressure) in the Grt-Crd-Bt-Ilm-Kfs Pl-Qz field. The observed growth of andalusite and chlorite at the expense of cordierite is related to a late hydrothermal overprint, which is not represented by the pseudosection for the rather dry peak-metamorphic composition. Nevertheless, the growth of andalusite records near-isobaric cooling to <650°C and 3.0 kbar into the stability field of andalusite.
| Sample 13Kh04 (Grt-Crd-Bt migmatite)
The T-H diagram documents the stability of the observed peak-metamorphic assemblage Grt-Crd-Bt-Ilm-Kfs-Pl-QzLiq of sample 13Kh04 at variable H contents >1.5 mol.% and high temperatures of 760-820°C (Figure 9a ). Using the intersection of the solidus with the estimated modal amount of garnet (6 vol.%), an H value of 3.5 mol.% was constrained for further modelling. In the T-M O diagram, the peak assemblage is stable at the same temperature interval, and the absence of magnetite records a very low Fe The P-T pseudosection for metapelite 13Kh04 calculated with the estimated H and O values is shown in Figure 9c and resembles the topology of the diagrams for the chemically similar metapelites 13Nam01 and 13Kh01. The solidus is situated between 770 and 800°C, and cordierite is stable up to 7 kbar. The observed peak-metamorphic assemblage Grt-Crd-Bt-Ilm-Kfs-Pl-Qz-Liq is stable just above the solidus in at 770-820°C and 3-6 kbar. From the estimated amount of garnet (6 vol.%), peak conditions were refined to 3.5-5 kbar and 770-790°C, higher than the results of the thermometric calculations (640-750°C).
Inclusions of biotite in cordierite, garnet, and K-feldspar, together with the presence of leucosomes in the migmatitic rock suggest the formation of the melt-bearing GrtCrd peak assemblage through biotite-breakdown melting reactions and crossing of the solidus during heating. The near-horizontal isopleths for the modal proportion of cordierite and garnet in the Grt-Crd-Bt-Ilm-Kfs-Pl-Qz field document that the formation of cordierite coronas around garnet, indicating increase of cordierite abundance and decrease of garnet amount, is related to post-peak decompression probably accompanied by some cooling.
| Lu-Hf DATING
Carefully hand-picked garnet separates were used in combination with the whole rocks to construct three-or four-point isochrons. The isotope data are presented in Table 2 and Figure 10 . In Table 2 , the different garnet fractions represent different hand-picked aliqouts of garnet from one sample. All data except for the Grt-1 fraction of 13Kh01 lie near a 0.5 Ga reference line on a Lu-Hf isochron diagram. This outlier fraction has Lu and Hf contents (and 176 Lu/ 177 Hf) that differ significantly from those of other two garnet fractions for this sample. We speculate that the spike-sample
Crd-Bt-Sil-Kfs-Grt migmatite Uncertainties (2 SD) in initial 176 Hf/
177
Hf values are in the least significant digits 58 | equilibration was not achieved during the digestion of this garnet fraction and therefore exclude it from further consideration. The Lu-Hf dates calculated for garnet-whole rock pairs are 522.0 ± 0.8 Ma (MSWD = 1.6) for the migmatite 14Nam 01, 520.8 ± 3.6 Ma (MSWD = 4.2) for the metaigneous migmatite 14Nam02, 530 ± 13 Ma (MSWD = 2.1) for the migmatite 13Kh01 from the river Khan, and 500.3 ± 4.3 Ma (MSWD = 2.9) for the slightly migmatized metapelite 13Nam01 from the roadcut on B 2.
8 | DISCUSSION
| P-T evolution
On the basis of P-T pseudosection modelling, we have constrained remarkably similar granulite facies peak-metamorphic conditions of~5 kbar and~800°C for all studied migmatite samples of the Southern Central Zone of the Damara Orogen (Figure 11) . A field gradient is not observed. The bulk rock composition of the samples used for the modelling has been adjusted at first through the application of T-H diagrams to account for post-peak alteration, and then by using T-M O diagrams to account for the effect of ferric iron. The lack of magnetite in all metapelite samples implies very low Fe 3+ /Fe tot and hence very low O contents.
As a consequence, O has no significant effect on the peakmetamorphic mineral assemblages of the metapelites. In contrast, the relatively low H values that have been constrained for the peak-metamorphic conditions have a significant impact on the topology of the calculated P-T pseudosections. The main effect is a shift of the solidii to high temperatures of~780-800°C. Using the LOI as an H 2 O value, probably similar to the bulk rock H 2 O content during subsolidus conditions, would lower the solidus to 650-700°C for the weakly as well as the more strongly altered samples. This is shown in Figure 11 for the weakly altered metapelites 14Nam01 (relatively Fe-rich) and 13Kh04, as an example for the Mg-rich metapelites, and is also evident from the T-H diagrams. Nevertheless, because of the probable loss of melt during partial melting, the prograde segment of the P-T path has been constrained only qualitatively for two migmatitic metapelite samples with suitable mineral inclusion assemblages. Irrespective of potentially evolving bulk rock compositions during the prograde path, the replacement of early sillimanite and biotite by cordierite and garnet records prograde heating in the sillimanite stability field, culminating in the formation of the peak-metamorphic assemblage GrtCrd-Bt-Sil-Ilm-Kfs-Pl-Qz-melt in the Fe-rich sample 14Nam01 and Grt-Crd-Bt-Ilm-Kfs-Pl-Qz-melt in more magnesian metapelites (13Nam01, 13Kh01, 13Kh04). As the main chemical modification of the bulk rocks related to melt loss is the lowering of the H content in the residual rock, the temperature during initial partial melting is likely represented by the solidii calculated with higher H contents (~650-700°C; Figure 11 ). The retrograde evolution is characterized in most metapelites by the growth of cordierite coronas around garnet, which document post-peak decompression tõ 3.5 kbar at still high temperatures. Formation of Bt-Sil intergrowths at the expense of garnet and cordierite records subsequent cooling in the sillimanite stability field. The subsequent, localized growth of andalusite is consistent with continued near-isobaric cooling to <650°C at a low pressure of 3.0 kbar. The resulting P-T path is clockwise with moderate post-peak decompression followed by marked near-isobaric cooling. The peak-metamorphic temperatures as estimated from the P-T pseudosection are always slightly higher than those calculated from geothermobarometry (Table 4 ). This suggests significant post-peak Fe-Mg reequilibration among garnet, biotite, and cordierite.
| Interpretation of the Lu-Hf dates
The Lu-Hf garnet-whole rock dates obtained in this study, together with published Sm-Nd garnet-whole rock chronology from the same area suggest a multistage growth history of garnet (Table 5 ). The oldest dates of 540 ± 4 Ma and 530 ± 13 Ma come from an intrusion-related migmatite (sample K 4.6; and from the in situ migmatite 13Kh01 (this study). This suggests that both the F I G U R E 1 1 P-T diagram showing the stability fields of the observed peak-metamorphic assemblages of the studied metapelites of the Central Zone Damara Orogen as well as the solidii for the Mgrich sample 13Kh04 and the Fe-rich sample 14Nam01 for low H 2 O values, representing peak-metamorphic conditions (peak solidus), and for high H 2 O values, representing subsolidus conditions ("wet solidus"). The probable P-T path is marked as an orange line intrusion of hot felsic melts and the onset of high-grade (~800°C) conditions occurred very early in the metamorphic history. Other similar old dates of c. 540 Ma have been reported from other areas in the Damara belt (Jung & Mezger, 2001 ). However, according to the pseudosection of 13Kh01, garnet would have started growing long before peak conditions were reached, i.e., starting at 650°C. It is possible that the Lu-Hf dates of such garnet grains could be weighted towards the time of core growth, i.e., the date could be heavily weighted towards the time of the garnetin reaction.
The migmatites record a tight cluster of dates c. 520 Ma, which we interpret to reflect the peak of highgrade metamorphism. Samples from this study record granulite facies conditions of~800°C, whereas samples from an earlier study applying conventional geothermometers (samples K 4.1; K 4.2; K 4.7; gave lower temperatures of~700°C. Notably, Longridge et al. (2017) also reported a U-Pb zircon date of 520.3 ± 4.6 Ma and a U-Pb monazite date of 514.1 ± 3.1 Ma, respectively, which they interpreted to reflect the age of high-grade metamorphism.
Non-migmatized metapelites (samples K 4.5 and K 2.1; or slightly migmatized metapelites (sample 13Nam01, this study) gave dates of c. 500 Ma. Sample 13Nam01 records a maximum temperature of 810°C, again indicating high-grade conditions. Collectively, the data indicate that granulite facies conditions prevailed in the Damara orogen from c. 540 to 500 Ma with the inferred peak of metamorphism at c. 520 Ma. The concordance between the Sm-Nd garnet-whole rock dates obtained earlier and Lu-Hf garnet-whole rock dates presented implies that rapid post-peak cooling occurred and that presumably no older garnet generation existed. The new age constraints are fully compatible with age constraints for high-grade metamorphism in other parts of the orogen (Jung & Mezger, 2001; Jung et al., 2000; Longridge et al., 2017) .
One important aspect concerning the interpretation of Sm-Nd and Lu-Hf garnet-whole rock dates is whether they represent prograde garnet growth or are related to cooling to below the respective closure temperatures of these systems. Small inclusions of LREE-rich minerals (allanite, monazite) may influence Sm-Nd garnet-whole rock ages, whereas inclusion of unequilibrated zircon compromise Lu-Hf garnet-whole rock ages (e.g., Scherer et al., 2000) . However, the critical constraint is that duplicate or triplicate analyses of garnet from the same rock yield reproducible garnet-whole rock dates although these garnet fractions show a considerable spread in Sm/Nd and Lu/Hf (this study). This feature indicates that inclusions, if present, do not carry any significant inherited or reset components and that both systems date garnet growth or cooling. Given that the Lu-Hf system in garnet apparently closes at a higher temperature than Sm-Nd (e.g., Scherer et al., 2000; Smit et al., 2013) , slow cooling from peak temperature would be expected to cause Lu-Hf to yield older dates than Sm-Nd. However, on the basis of the concordance between the dates presented in this study and those from the study of , we conclude that the Sm-Nd and Lu-Hf whole rock-garnet ages represent primary crystallization ages and correspond to a regional metamorphic event that is coeval with intrusion of granite. More importantly, the duration of granulite facies conditions can be estimated to be at least 40 Ma.
| Geodynamic implications and conclusions
We have constrained a clockwise P-T path for migmatitic metapelites of the Central Zone. The path is characterized T A B L E 5 Summary of P-T-t data from the high-grade part of the Damara orogen. T (conv.) is calculated according to Bhattacharya et al. (1992) by granulite facies peak metamorphism (~800°C at 5 kbar) and subsequent moderate post-peak decompression followed by significant near-isobaric cooling. Lowpressure, high-T metamorphism with clockwise P-T evolution, as observed in the studied metapelites, occurs in numerous tectonic settings. The most characteristic feature is the high metamorphic thermal gradient at shallow crustal levels that is commonly in the range 60-150°C/km (De Yoreo, Lux, & Guidotti, 1991) . This is an important point as the Damara orogen as a whole records two contrasting pT regimes; two high-P/low-T regimes in the north and in the south with a geothermal gradient of 17°C/km attained at c. 510 Ma and a geothermal gradient of 20-25°C/km attained at c. 530-517 Ma respectively. In contrast, the medium-P/high-T regime in the core of the orogen records a geothermal gradient between 38 and 47°C/km that occurred at c. 540-505 Ma (Goscombe, Foster, Gray, & Wade, 2017) . Similar tectonic scenarios have been presented elsewhere (Billerot, Duchêne, Vanderhaeghe, & de Sigoyer, 2017; Duchêne, Aïssa, & Vanderhaeghe, 2006) , and have been explained as a result of extrusion of the core of the orogen which ultimately lead to an increase in temperature (Goscombe et al., 2017) . These high-temperature events may last several tens of million years (Duchêne et al., 2006; Turlin et al., 2018; Vanderhaeghe, 2012) , and are best explained by lithospheric break-off during collision (Goscombe et al., 2017) and not by slab break-off after subduction (Meneghini et al., 2014) especially when the geological evidence for subduction is weak or absent. It has been argued that such high-P/low to medium-T conditions are more representative for the whole orogenic belt and that later high-T/medium-P conditions together with partial melting and intrusion of granitic melts in structurally higher levels results from collapse of the orogenic core followed by heat advection from the underlying mantle ( Vanderhaeghe, 2009 Vanderhaeghe, , 2012 . Whether such a situation is applicable to the Damara orogen remains speculative; however, Masberg (1995) reported the occurrence of xenocrystic kyanite in granite from the highest grade coastal region of the Damara orogen. This relict kyanite may be related to buried staurolite-kyanite metapelites that have been assimilated by the granite and may testify to the origin of higher pressure but lower temperature samples at depth.
| How the crust gets hot in the Damara
orogen? Vilà, Pin, Liesa, and Enrique (2007) reviewed several processes that might be responsible for low-P/high-T metamorphism and extensive crustal melting. First, intrusion of magmas derived from either the lithospheric or the asthenospheric mantle into the lower crust can create the thermal conditions for high-T metamorphism and melting. Second, a group of processes involving hot asthenosphere might be responsible for elevated temperatures within the crust but these differ in the time-scale for generating a thermal anomaly and the areal expression of such asthenospheric involvement. Finally, enhanced radiogenic heat production in the crust can substantially contribute to high-T metamorphism. More recently, Clark et al. (2011) also reviewed possible mechanisms of generating high temperatures in the continental crust and envisaged three potential sources, namely (a) elevated heat production in thickened crust, (b) increased mantle input preferentially in back-arc basins, and (c) mechanical heating during shearing. Another possibility is the addition of heat due to intrusion of (mantle-derived?) magma to the crust (Annen, Blundy, & Sparks, 2006) .
Intrusion of mafic melts close to the inferred onset of high-grade metamorphism at c. 540 Ma may have contributed to the heat flow in the middle crust of the Damara orogen. However, these mafic rocks comprise rare lithospheric mantle-derived nepheline-normative syenites and some lower crustal quartz diorites. The age of the syenites has been determined at c. 545 Ma (Jung, Hoernes, & Hoffer, 2005; Schmitt, Trouw, Passchier, Medeiros, & Armstrong, 2012; S. Jung, unpublished data) and the quartz diorites have been dated also at c. 545 Ma (Jung, Hoernes, & Mezger, 2002; Jung, Kröner, Hauff, & Masberg, 2015) although some of them may be slightly older (up to c. 575 Ma; Milani et al., 2015) . The absence of coeval basaltic rocks with a clear asthenospheric signature in the central Damara orogen suggests that the emplacement of asthenosphere-derived magmas at or near the base of the crust did not play a significant role in the development of high-T metamorphism and crustal magmatism. On the other hand, the unexposed precursor rocks to the nepheline-normative syenites are lithospheric mantle melts and the quartz diorites are high-T mafic lower crustal melts and therefore the event that triggered the generation of these melts may be related to heat transfer from the mantle. In this case, the inferred asthenospheric material must have been stored within the lithospheric mantle to generate the syenites. Alternatively, the hot asthenospheric material was attached to the base of the (mafic) lower crust, giving rise to the parental melts of the quartz diorites (Annen et al., 2006) .
Among the models that involve the asthenospheric mantle, upwelling of asthenospheric material via delamination may be a viable process. In this model, detachment of a thick, lithospheric mantle root results in juxtaposition of asthenospheric mantle material against the orogenic crust (Arnold, Jacoby, Schmeling, & Schott, 2001; Houseman, McKenzie, & Molnar, 1981; Schott & Schmeling, 1998) . In consequence, a gravitationally unstable lithospheric root is generated and may detach and sink through the asthenosphere; a feature also discussed in early models of the Damara orogen (i.e., Kröner, 1982) . As a result of this delamination, asthenospheric material might flow upward and will increase the temperature of the uppermost mantle and crust. This will lead to high-T metamorphism in the lower and middle crust followed by extensive crustal melting (Arnold et al., 2001; Schott & Schmeling, 1998) . The time-scale for this process is considered to be short, probably some 10 Ma. This would fit with the geochronological constraints presented here, where high-grade conditions lasted from c. 540 to 500 Ma. However, the rise of asthenospheric material is commonly associated with the presence of basaltic rocks having an asthenospheric signature. Again, such rocks are not known from the Central Damara orogen. In addition, delamination is an areally extensive process and this feature is not realized in the Central Damara orogen, where the high-grade terrane has a maximum width of 60-80 km.
A second model that involves the interaction of asthenospheric material with the overlying lithospheric mantle and crust is slab break-off. This model offers an alternative mechanism to bring asthenospheric material close to the base of the crust during an orogeny (Davies & von Blanckenburg, 1995; Van de Zedde & Wortel, 2001 ). Both models, delamination and slab break-off, involve the upwelling of hot asthenospheric material. However, they differ significantly in the areal extent and prior tectonic history. Slab break-off arises as the result of the difference of density and rheology between oceanic lithosphere and continental lithosphere (Cloos, 1993) . Unlike delamination, slab breakoff does not require any previous thickening of the lithosphere, and its effects are likely to be localized to narrow, linear zones. Some of these features are evident in the tectonic history of the Central Damara orogen: (a) the elongated NE-SW-striking, narrow domain of high-T overprinting; (b) the occurrence of retrograde metamorphic paths characterized by limited isothermal decompression followed by isobaric cooling (Longridge et al., 2017 ; this study), and (c) the lack of evidence for significant crustal and lithospheric thickening during the collisional stage.
| A tentative thermal model for the southern Central Damara orogen
Recently, Meneghini et al. (2014) and Cross, Diener, and Fagereng (2015) introduced a slab break-off model for the Central Damara orogen and renewed the idea of a classical subduction zone setting involving a ridge subduction scenario. Ridge subduction processes produce anomalously high temperatures at shallow crustal depth through the development of a slab window, which allows transfer of sub-slab asthenospheric mantle. These processes create an enhanced heat flux beneath the overriding plate (e.g., Brown, 1998) . Here, this model has some analogies with the classic slab break-off model discussed above. Ridge subduction appears to be a viable mechanism for generating low-P/high-T metamorphism and extensive crustal melting in convergent margins and is probably also consistent with time constraints of the Central Damara orogen. In general, we agree that ridge subduction provides an adequate mechanism because the inferred peak of high-T metamorphism occurred during the late stage (520-500 Ma) of a continent-continent collision, which according to Meneghini et al. (2014) , started at c. 550 Ma. However, since the early works in the central Damara orogen (see Miller, 2008 for a review), the existence of classical subduction zone processes has been controversially discussed. Kröner (1982) suggested that sinking of cool, dense upper mantle initiated intracontinental subduction, and Barnes and Sawyer (1982) among others viewed the Central Zone of the Damara orogen as an active continental margin. Here, linear plutons such as the syn-collisional Salem-type granites have been interpreted to be remnants of a classical magmatic arc. However, the lack of high-P rocks such as eclogite and blueschist, the lack of a clear subduction zone isotope signature in the synorogenic Salem granites, and the unusual proportions of igneous rocks (gabbro+diorite:-tonalite+granodiorite:granite = 2:2:96) cast some doubt on the existence of a classical subduction zone setting here. Others (e.g., Hartmann et al., 1983) proposed that intracrustal processes played a significant role in the thermal and igneous evolution of the central Damara orogen including intra-crustal motion and heat transfer.
Increased radiogenic heat production as a consequence of tectonic thickening of K-, U-, Th-rich upper crustal rocks is also commonly invoked as an important cause of regional high-T metamorphism and extensive crustal anatexis (Chamberlain & Sonder, 1990; Gerbi, Johnson, & Koons, 2006; Huerta, Royden, & Hodges, 1998; Jamieson, Beaumont, Fullsack, & Lee, 1998; Sandiford, Hand, & McLaren, 1998) . Work by Haack, Gohn, and Hartmann (1983) showed that various lithological units of the Damara orogen contain significant amounts of radiogenic heat-producing elements. In this context, it is important to note that granites and basement rocks, which constitute much of the high-grade part of the Central Zone, are unusually enriched in Th and U and sometimes K. The majority of the Damaran granites and basement rock have Th/U > 7 and elevated heat production values of 2.5-8.8 × 10
−6 W/m 3 .
These values are much higher than those used in theoretical models that describe the distribution of heat in the continental crust (0.1-3.0 × 10 −6 W/m 3 , Vilà, Fernández, & Jiménez-Munt, 2010) or in models of anatexis in tectonically thickened crust (England & Thompson, 1986 ; 0.9-1.3 × 10 −6 W/m 3 ). For the Damara orogen, the large contrast in heat production rates between granites, basement rocks, and cover sequences is very likely responsible for considerable differences in metamorphic temperature. It has been estimated that for the high-grade central Zone, granites, and basement rocks generated enough heat to raise the metamorphic temperature of rocks now exposed at the present surface by 100-150°C . This would fit earlier predictions that a 50% increase in internal heat production would raise peak temperatures by 150-200°C at the base of the crust, and that thickening of the crust by 1.5-2 times must result in widespread anatexis at mid-crustal levels (England & Thompson, 1986) . These conclusions are also compatible with the early thermal modelling of low-P/high-T metamorphic terranes (Barton & Hanson, 1989; Bodorkos, Sandiford, Oliver, & Cawood, 2002; McLaren, Sandiford, & Hand, 1999; Sandiford et al., 1998; and, in many cases, high heat production in the upper crust is needed to explain the very high metamorphic thermal gradient.
It is important to note that the presumed elevated heat production rates of the Damara orogen exceed common estimates by a factor of 2-3, suggesting that thickening of the crust is, in this case, not a necessary prerequisite for partial melting at mid-crustal depths. Using a one-dimensional model, Clark et al. (2011) showed that with heat production values of 3.5-4.0 × 10 −6 W/m 3 (which are well within the range of Damaran basement rocks and granites; Haack et al., 1983) , temperatures of~800°C at the base of a 40-km-thick crust are achieved within 30-40 Ma. Similarly, Huerta et al. (1998) calculated that temperatures of 800°C can be achieved in a 30-km-thick lithosphere using a heat production rate of~4.0 × 10 −6 W/m 3 . The time estimate of Clark et al. (2011) would fit into the time constraints for the onset and duration of high-T metamorphism and melting in the Damara orogen, where the onset of high-T conditions is at c. 540-535 Ma (Jung & Mezger, 2001 , and peak metamorphism occurred between 520 and 500 Ma (Jung & Mezger, 2001; Jung et al., 2009; Longridge et al., 2017 ; this study), implying a c. 30-40 Ma interval of high-grade metamorphism. Additionally, metamorphic temperatures close to 800°C are achieved after 30-40 Ma if the lithospheric thickness is <50 km (Clark et al., 2011) , again implying no substantial thickening of the crust prior to the peak of metamorphism in the Central Damara orogen. These findings may have also important implications for the inferred tectonic setting.
| Towards a consistent tectonic model
for the southern central Damara orogen Vanderhaeghe and Duchêne (2010) modelled the behaviour of crust at convergent plate boundaries. They found that two parameters, namely plate kinematics (i.e., slab retreat and slab advance) and the degree of (de)coupling between the subducting slab and mantle are important factors during collision. In general, slab advance will thicken the crust, whereas slab retreat will thin it. In addition, slab advance is followed by thickening, which must be later in the metamorphic history followed by significant decompression which is not observed here. Coupling of mantle and crust results in continental subduction, whereas decoupling is followed by continental accretion. If we accept that the evidence for a classical subduction zone setting involving subduction of oceanic crust is weak (see above), then crustal accretion together with slab retreat is the most likely process. Slab retreat together with crustal accretion can also result in stacking of crustal domains that increases radioactive heat production, but the dominant result is some thinning of the crust and mantle later in the history of the belt. Such thinning may be responsible for the generation of the precursor rocks of the nepheline-normative syenites because (in the absence of a plume) the generation of alkaline melts usually requires some thinning of the lithosphere. A combination of these factors (continental accretion followed by slab retreat and lithospheric thinning) may create the favourable conditions to generate a high-T/low-P orogenic belt (Moyen et al., 2017; Vanderhaeghe & Duchêne, 2010) . Previous studies Ward et al., 2008) indicated that the high-grade metapelitic rocks of the Central Damara orogen have undergone partial melting processes. The continuous gradation from small-scale leucosomes to decametre-scale leucogranite sheets within the high-grade metamorphic zone indicates that leucosomes have coalesced into bodies of leucogranite (Hall & Kisters, 2016; Kruger & Kisters, 2016; Toé et al., 2013) . Such leucogranites have been dated at c. 520-514 Ma (Longridge et al., 2017) , documenting a link between high-grade regional metamorphism and magmatism. The similarity of some basement-derived leucogranites and some anatectic leucosomes in Sr, Nd, Pb, and O isotopic compositions suggests that the deeper parts of the crust were subjected to P-T conditions suitable for generating magma volumes adequate to feed small-scale plutons. Combining information from the pseudosection modelling presented in this study, we conclude that the migmatites did not undergo significant decompression prior to peak-metamorphic conditions of~800°C. This suggests that peak-metamorphic temperatures of~800°C or slightly higher (Longridge et al., 2017) at depths corresponding to 5-6 kbar can only be achieved through advective heating (Harley, 1989) . In view of the close association of the studied high-T metapelites with hundreds of synmetamorphic high-T granites that invaded the terrane as metre-to decametre-wide sills and dykes, we postulate that crystallization of felsic lower crustal magma has supplied at least some of the heat. If large-scale plutons are absent, pervasive mesoscale felsic magma migration through hot crust (Hall & Kisters, 2016; Kruger & Kisters, 2016) may provide some extra heat (Brown, 2004; Collins & Sawyer, 1996; Leitch & Weinberg, 2002; Weinberg, 1999) . However, Clark et al. (2011) recently concluded that the movement of felsic magmas through the crust will not add extra heat and is therefore unable to contribute to high-T conditions because the emplacement temperatures of medium-scale granite bodies are likely lower than the peakmetamorphic temperatures. Melting in the deeper crust started at 540-535 Ma (Jung & Mezger, 2001 and from that time on, the granulite facies part was invaded by hundreds to possibly thousands of felsic dykes and smallscale stocks. Upon crystallization, latent heat is released and this may buffer regional temperatures during cooling. Considering the large volumes of magma in this part of the belt, high temperatures were maintained, probably over several tens of Ma. In addition, the movement and solidification of felsic melts from the underlying basement that are enriched in heat-producing elements may have added extra heat to the granulite facies part of the crust. Morfin, Sawyer, and Bandyayera (2013) calculated that for a 40-km-thick crust and with a heat production value of 3.85 × 10 −6 W/m 3 (similar to the model crust from Clark et al., 2011 ; see above), a long-term heat source with an excess of~40°C can be established which may buffer metamorphic temperatures. Most Itype and S-type granites are probably too cold to add significant extra heat to the crust, but a number of fairly primitive granodiorites have intruded the Central Damara orogen . The trace element characteristics of some of these match those of A-type granites with Zr+Nb+ Ce+Y>350 (Whalen, Currie, & Chappell, 1987) , i.e., melts that are usually considered to be rather dry and hot. Calculation of Zr saturation temperatures (according to Watson & Harrison, 1983) gave temperatures in excess of 800°C, suggesting that, in places, intruding granites may add some extra heat. Importantly for the central Damara orogen, in situ partial melting of basement gneisses and overlying metasedimentary rocks at the time of peak metamorphism is not responsible for the granulite facies temperatures of >800°C because melting is an endothermic process and will likely buffer metamorphic temperatures (Stüwe, 1995) . 
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